Debinding involves long and delicate processing periods of removing binder components from a green body after injection moulding; failure to completely remove the binder components results in distortion, cracking, blisters and contamination at elevated temperatures. This study focuses on optimising thermal debinding process parameters on the basis of obtaining a defect-free part after sintering and also determining a sintering time that gives high sintering density. Thermal debinding was conducted after solvent debinding. The feedstock used to produce green compacts composed of Ti6Al4V powder and a wax-based binder. The binder's backbone component is a low density polyethylene (LDPE). Careful selection of thermal debinding parameters was guided by thermo-gravimetric analysis (TGA) results. The Taguchi method was used to determine an optimum debinding process. Thermally debound compacts were analysed for residual binder using a TGA. Archimedes' principle and optical microscopy were done to analyse the sintering density and microstructure of the sintered product, respectively. Optimum debinding and sintering conditions were identified. The study demonstrated that heating rate during debinding was the most influential factor that contributes to minimum residual binder followed by debinding dwell time and temperature. Longer sintering time of 4 h favoured higher density of 91.6 ±1.55%. A typical radial shrinkage level of 11.1 ±0.0816% was determined.
Introduction
Metal injection moulding (MIM) is a process that combines metal powder technology and injection moulding by making complex shapes in large quantities and has an advantage with costly materials due to reduced losses and easy recycling [1] . MIM consists of four major steps, namely: mixing, injection moulding, debinding and sintering [2] . In the mixing stage, the metal powder is dispersed in an organic material, termed as the binder, and the resulting mixture is referred to as feedstock. Injection moulding involves the injection of the feedstock into a shape-forming mould cavity to produce a green compact. In the debinding stage, the binder is removed by thermal means or chemically, or a combination of both. Finally, the debound compact is sintered to achieve desired physical and mechanical properties.
Debinding is the most delicate and challenging stage in MIM process, and it reveals many processing failures performed in the preceding MIM stages [3] . It is important that all the binder is removed prior to sintering. Improper binder removal results in sudden vapour pressure build-up at elevated sintering temperatures which can cause defects such as blisters, bloating, cracks and large internal voids [4] , [5] . Defects deteriorate the mechanical properties of the final products. Binder removal is limited by various factors. These factors include particle size of the metal powder [6] , [7] , compact's size and shape complexity [8] , type and number of binder components [9] . These factors lead to long processing debinding times and have prompted the development of different debinding techniques. The techniques include wicking [10] , solvent [11] , thermal [12] , catalytic [13] and supercritical debinding [14] . Amongst the latter techniques, thermal debinding has always been the most widely used and up to now still irreplaceable method due to its versatility and simplicity [15] . However, thermal debinding alone may take several hours to days to complete which makes the MIM body more vulnerable to defects, and is a costly process [2] . Thermal debinding is commonly coupled with solvent debinding [4] . It has been shown that combining solvent and thermal debinding techniques minimises binder removal time and prevents the risk of forming defects on MIM products [16] - [18] . The two-stage debinding process is commonly introduced to remove multi-component binder system. Solvent debinding creates pores in the green body by leaching out the soluble low molecular weight binder (commonly wax) components. These pores serve as pathways for the thermally degradable high molecular weight backbone binder (commonly thermoplastic) during thermal debinding [18] , [19] .
Since thermal decomposition of the binder induces defects in the body structure, it is important that the thermal removal of the binder is well controlled and that the binder is completely removed prior to sintering to achieve a defect-free MIM product. As a result, this work will focus on determining optimal thermal removal of the backbone binder and a sintering time in order to achieve well dense sintered parts with minimum or no defects.
Materials and experimental methods
Materials. The feedstock used in this work is made up of the Ti6Al4V alloy powder and a waxbased binder. The powder is spherical and the size distribution is -25 +6 µm, as-supplied (TLS Technik, Germany). The size distribution and morphology of the powder was confirmed using a particle size analyser (Microtrac Bluewave) and scanning electron microscope (SEM, JEOL JSM -6510) respectively. The binder used is a multi-component system of Sasol wax (SW), low-density polyethylene (LDPE) and stearic acid (SA). Thermal analysis of the binder components in the feedstock. Thermo-gravimetric analysis (TGA -Q500) was conducted to guide on decomposition temperatures of the binder components during mixing, injection moulding and debinding. The analysis was done up to 600 °C under nitrogen atmosphere at the heating rate of 10 °C.min -1 and a gas rate of 20 ml.min -1 . Debinding and sintering. A two-stage debinding process (solvent and thermal) was used. Solvent debinding was performed by immersing the samples in n-heptane at 60 °C for 4 h. The solvent debinding parameters were optimised according to preliminary work [20] . Thermal debinding was done in a high temperature tube furnace (Carbolite) under argon atmosphere together with sintering. A Taguchi method of L 9 (3 4 ) orthogonal array consisting of 9 experimental trials was employed as a design of experiment (DoE) for thermal debinding. Debound samples were sintered at different times. Table 1 shows the debinding and sintering variables and the number of levels chosen for the experiments. Sintering temperature was fixed at 1250 °C. Analyses of debound and sintered samples. TGA was used to analyse residual binder of the debound specimens under nitrogen atmosphere up to 600 °C at the heating rate of 10 °C.min -1 and a gas rate of 20 mL.min -1 . An optical microscopy (Leica DMI5000 M) was conducted to analyse the microstructure of the sintered part. Densities of the sintered samples were determined using the Archimedes principle. The shrinkage level of the sintered ring was measured radially against the green component.
Results and discussion
Thermogravimetric analysis of feedstock. Fig. 1 shows the TGA results of the feedstock. The mass loss curve show two distinct reaction steps. Low molecular weight polymers (SW and SA) are evaporated and/or decomposed at lower temperatures approximately between 150 °C and 380 °C. A higher molecular weight polymer (LDPE) has a higher thermal stability and is pyrolysed at relatively higher temperatures approximately between 380 °C and 480 °C. It can also be seen that above 480 °C all the binder is removed since no mass loss is observed. However, above the latter temperature there seem to be a mass gain, and this increase in mass is most likely to be due to nitriding of the metal powder since the atmosphere was nitrogen. Fig. 1 . Weight loss versus temperature for the thermal degradation of multi-component binder components.
Taguchi analysis -Thermal debinding and sintering. Depending on the holding time and temperature for the removal of the binder, a certain fraction of binder components most likely higher molecular polymer, may be left behind prior to sintering. That fraction is called residual binder and it affects the quality of the final sintered parts. Complete removal of binder components prior to sintering ensures high quality of sintered components [21] . The effects of thermal debinding parameters on residual binder were evaluated using the Taguchi DoE approach. A set of factors that would minimize the amount of residual binder components, and maximize the final density of the sintered body were identified. Fig. 2 indicates TGA analysis of residual binder after thermal debinding. According to the latter figure, a mass loss is observed from almost all the curves at temperatures above 200 °C. Curve T1 shows a mass gain between 240 °C and 380 °C and this may be the effect of the nitrogen atmosphere. However, curves T1, T2 and T3 show mass loss at temperatures above 400 °C, and this mass loss appear to be LDPE pyrolysis. SW and SA were completely removed in the latter curves since they degrade at temperatures between 150 °C and 380 °C, and between these temperatures no mass loss is observed. Other curves show mass loss between 300 °C and 500 °C, hence the presence of residual binder (SW and LDPE).
Taguchi method utilizes signal-to-noise ratio (S/N) approach to measure the quality characteristic deviating from the desired value and to convert the experimental results into a value for the evaluation characteristic in the optimum parameter analysis [22] . The S/N ratio of the smallest-is-better quality characteristic for residual mass loss rate (%/°C) was considered and it is defined by Eq. 1:
Where, Y ij is the amount of score for the rate of mass loss and n is the number of times the rate of mass loss was measured. Due to longer experimental times and cost, it was not possible to run duplicates of the trials and, therefore, one experiment per trial was conducted. This made n equals to one and thus one score (Y ij ) for each experimental trial. Table 2 indicates the rate of mass loss calculated from the curves in Fig. 2 . S/N ratios are also presented. The rate of mass loss was used as an indicator to present the response plot of S/N ratios (Fig. 3) , and hence decide on optimum debinding conditions. It can be seen that the best possible combination of factors are A3, B1, and C1. This means that the possible optimum parameters for debinding process are 5.0 °C/min heating rate, 0.5 h holding time, and 450 °C debinding temperature. The pattern in Fig. 3 shows that debinding heating rate (A) is more influential on the rate of binder removal and hence the most critical factor in determining the residual binder of the debound compacts, and is followed by holding time (B). Sintering is normally associated with a considerable level of densification and shrinkage [23] . The densification level of the sintered parts from each trial, after debinding, was measured. The determining factor of the final density is time (See Table 2 ). Fig. 4 shows the average sintered densities per trial. It can be seen that trials T4 and T8 show the highest densities. The sintering time for the latter trials was 4 h. The level of densification increases with time. Trial T2 had a sintering time of 2 h and gave the lowest density. It is unclear at this stage what affected the densification level in T2 since trials of sintering time 1 h gave relatively higher density. The highest average sintered density achieved in this work is 91.6 ± 1.55% (T4). Fig. 5 shows the dimensional comparison of a typical green part and sintered part produced in this work. The image on the right indicates the microstructural appearance of the sintered component; a level of porosity can be seen (black dots). A lamellar alpha phase (white) and a beta phase along the grain boundaries (grey) are observed on the microstructure. A shrinkage level of 11.1 ± 0.0816% was achieved after sintering. Porosity is the fraction of the component's volume that is unoccupied. The microstructure shows a low level of porosity. T1  T2  T3  T4  T5  T6  T7  T8 
Conclusions
Thermal debinding and sintering of the MIM parts was successfully conducted. A Taguchi technique was introduced to guide the design of experiments and evaluate optimum debinding conditions. TGA results revealed the presence of residual binder from all the experimental trials prior to sintering. Rate of residual binder loss was used as a characteristic factor in the optimisation of debinding parameters, whereby smallest rate was desired. The response plot of S/N ratio indicated that close-to-optimum conditions for thermal debinding are A3, B1, and C1 which correspond to heating rate of 5.0 °C/min, dwell time of 0.5 h, and debinding temperature of 450 °C, respectively. Taguchi method also revealed that debinding heating rate is the most determining factor for the amount of residual binder in the debound compacts. The final density achieved in this work is 91.6 ± 1.55% after 4 h of sintering. The presence of pores in the microstructure of the final MIM product was presented. The typical sintered product indicated a shrinkage level of 11.1 ± 0.816%.
